ABSTRACT: Strong in-plane bonding and weak van der Waals interplanar interactions characterize a large number of layered materials, as epitomized by graphite. The advent of graphene (G), individual layers from graphite, and atomic layers isolated from a few other van der Waals bonded layered compounds has enabled the ability to pick, place, and stack atomic layers of arbitrary compositions and build unique layered materials, which would be otherwise impossible to synthesize via other known techniques. Here we demonstrate this concept for solids consisting of randomly stacked layers of graphene and hexagonal boron nitride (h-BN). Dispersions of exfoliated h-BN layers and graphene have been prepared by liquid phase exfoliation methods and mixed, in various concentrations, to create artificially stacked h-BN/G solids. These van der Waals stacked hybrid solid materials show interesting electrical, mechanical, and optical properties distinctly different from their starting parent layers. From extensive first principle calculations we identify (i) a novel approach to control the dipole at the h-BN/G interface by properly sandwiching or sliding layers of h-BN and graphene, and (ii) a way to inject carriers in graphene upon UV excitations of the Frenkell-like excitons of the h-BN layer(s). Our combined approach could be used to create artificial materials, made predominantly from inter planar van der Waals stacking of robust bond saturated atomic layers of different solids with vastly different properties.
T here are several layered compounds, characterized by van der Waals forces between individual layers, such as graphite, h-BN, dichalcogenides, and so forth and the ability to extract individual layers from these solids have brought renewed interest in manipulating these materials.
1−4 Graphene (G), monolayer of graphite, has received enormous attention and has been formed by various techniques such as chemical exfoliation of graphite and vapor deposition. 5, 6 Very recently, another layered compound, h-BN has also been exfoliated to obtain individual layers. 7 There is ongoing work to produce individual layers of dichalcogenides such as MoS 2 and WS 2 . 8 It is possible to exfoliate atomic layers from these layered materials that span a broad range of properties. Electronically, graphene is semimetallic, h-BN is an insulator, and dichalcogenide layers have semiconducting properties. With the availability of these isolated atomic layers of various compositions and properties, there appears to be a unique opportunity to build artificially stacked (van der Waals) structures from layers of differing compositions and build hybrid materials by a simple solution self-assembly process. Layered solids of different materials containing van der Waals gaps or noncommensurate layered compounds have been pursued in the past.
9−15 But synthesis of these materials in the past were mostly followed by multistage deposition techniques on substrates, limiting their large scale production. Here we demonstrate the concept of van der Waals solids and build extended solids, using two of the above-mentioned atomic layers, namely graphene and h-BN using a simple wet chemistry route. Moreover, both graphene and h-BN have in-plane bond saturation and chances of dangling bonds are limited. There have been a few previous attempts to fabricate graphene electronic devices on h-BN (considered as the best substrate for graphene 16 ) and hybridized in-plane atomic layers containing h-BN and graphene. However, the synthetic method we report here can provide a generic approach to fabricate a variety of hybrid layered materials containing atomic layers of various compositions and properties. This detailed experimental analysis is further complemented with extensive first principle models that provide new microscopical insight allowing to identify the novel electromechanical properties stemming from these new heterostacked layers material.
It is well-known that solvents with low surface tension can be successfully used to exfoliate graphene and h-BN.
17−19 Several solvents such as N,N-dimethylformamide (DMF), 7 1,2-dichloroethane(EDC), 20 poly(m-phenyl-enevinylene-co-2,5-dictoxy-p-phenylenevinylene) 21 have been reported for h-BN exfoliation. One may also exfoliate h-BN by using octadecylamine (ODA), amine-terminated polyethyleneglycol (PEG), Lewis-bases amine molecules with long lipophilic or hydrophilic chains. 22 However, these solvents are toxic and have a high boiling point, which makes it difficult to achieve large scalable production. Here, we exfoliate bulk h-BN and graphite powders using common solvents to yield single, double, few-layered h-BN nanosheets, graphene and then reassemble these as hybrid h-BN/G layered solids (see Supporting Information Figure S2 for more exfoliation details). According to the Hansen solubility theory, 23 parameters such as polarity, H-bonding, the cohesive energy density among others, are related to the effectiveness of the exfoliation process. Among these, surface tension is a key parameter.
17 Different solvents with strong enough surface tension to overcome the van der Waals forces of h-BN have been tested, and isopropanol (IPA) was selected to isolate h-BN because it can be easily removed after exfoliation. In addition, it is easy to scale up the exfoliation process with IPA and generate high-quality, layers of h-BN and graphene with yields of 10 wt %.
We can fabricate a hybrid film of h-BN and graphene nanosheets by mixing the exfoliated h-BN dispersion with that of graphene. In addition, different h-BN/G compositions in the film could be tuned by varying the volume ratio between each dispersion (see Supporting Information Figure S3 ), leading to a tunable band gap in the final hybrid films that may function well as semiconductors. 24 The proposed model for h-BN/G stacking hybrids could be clearly identified from detailed theoretical first-principles modeling. The stacking sequence is controlled by the interface dipole, which can be used to trigger the doping of a multilayer graphene and as a consequence of band gap opening. We believe that those h-BN and graphene nanosheets tend to stack alternately, offering a new and scalable heterostructure that cannot be made by any other techniques.
The h-BN and graphene nanosheets constitute our building blocks to produce extended solids as they assemble both laterally and in stacked direction to produce freestanding films. In our experiments, stacking of mono-and multilayered flakes were observed in low-resolution TEM images (Figure1b and Supporting Information Figures S1, S2 ). The lateral sizes of the exfoliated nanosheets range from 500 to 800 nm. The FFT pattern shown in the inset of Figure 1c indicates a 13°r otational angle between the two layers keeping the hexagonal Figure S4 ), lying in between that of h-BN and graphite. The TEM mapping test (see Figure 1f , g) provides clear evidence that h-BN stacks on graphene layer by layer. In order to identify the atomic composition of the hybrid h-BN/G sheet, electron energy-loss spectroscopy (EELS) was performed. Figure 1h depicts the characteristic K-shell ionized edges of B, C, and N, corresponding to the edges at 189, 289, and 407 eV, respectively. 25−27 The visible edges of B, N, and C reveal the existence of one or more layers of graphene on top of h-BN (Supporting Information Figure S5 ). Therefore, the hybrid nanosheets are composed of both h-BN and graphene that are stacked alternately, but there is no long-range order along the thickness direction.
Further structural characterization is obtained by Raman spectroscopy with a 514.5 nm laser excitation. The pure h-BN signal is located at 1365 cm −1 (see Table 1 and Supporting Information Figure S6c) , 28 whereas pure graphene shows characteristic G-peak around 1581.3 cm −1 (G) representing the in-plane bond-stretching motion of pairs of C sp 2 atoms, E 2 g mode. The 2D band is located at 2643.3 cm −1 corresponding to sp 2 atomic vibration, 29 and the D band at 1313.7 cm −1 indicates the graphene defect. For our new h-BNG hybrids, the G peak is located at 1575 cm −1 and the 2D peak at 2661 cm −1 with a broad band centered at 1325 cm Figure S6 ). Figure 2a ,b show h-BN/G flakes but in different stacking orders, respectively, in Raman mappings at both 1580 and 1370 cm −1 , showing the distribution of graphene and h-BN, with a size of 10 μm × 10 μm (400 spectra in total). According to the mapping information, graphene is atop h-BN in the left region and h-BN is atop of graphene in the right region, as the arrows mark (more explanation in Supporting Information Figure S6e ).
Thermal gravimetric analysis (TGA) showed a significant drop in mass starting at 678.9°C, which is attributed to the combustion of graphene sheets in air, and the same phenomena was observed on the hybrid (Figure 2c ), while h-BN is quite stable even beyond 800°C. From the TGA curve, the ratio of h-BN/graphene in this hybrid is calculated to be 3:1. We demonstrate a solution based self-assembling approaches to achieve a layered solid hybrid of h-BN and graphene. This hybrid seems to be stable and forms small interlayer polar bonds to make the system stable.
After characterizing structurally our new-stacked solid, we address the optical properties of this material. 30−32 We first look at the ultraviolet−visible absorption spectrum shown in Figure 2d . The adsorption edge of exfoliated h-BN is located at 236 nm, which corresponds to an optical band gap of 5.26 eV. The band gap of h-BN varies according to fabrication methods and its hexagonal defects. In our study, it also depends on the stacking structures. Optical band gap measurements using Tauc formula may have its own limitations due to the resolution of the spectrum, leading to the band gap of pure h-BN appearing to be lower than theoretical result (about 6.0 eV). Extended sheets of h-BN/G hybrid were produced by filtration of the mixed dispersions by varying the volume ratio between each material, leading to tunable band gaps in the final h-BN/G hybrid (see Figure 2e and Supporting Information Figure S3 for the details on the calculations).
In Figure 3a −c, we show the measured XPS spectra of B, N, and C, respectively, from h-BN/G stacked solid. The main peak of the B 1s spectrum is at 190.1 eV corresponding to the B 1s in h-BN. 33 This indicates that B is mainly bonded to N, like in h-BN where three N atoms are surrounding one B atom. But there can be a small shoulder peak around 189 eV, contributing to the broadening of the B 1s spectrum and which indicates a possible B x C bonds in h-BN/G. 34 Polar covalent bonds between C atoms B atoms are possible due to their small difference in electronegativity. 5 This has been further confirmed by C1s spectrum and FT-IR (Figure 3d ). N 1s spectrum is shown in Figure 3b and it also proclaims that the main bonding is between B and N corrensponding to a peak at 398 eV. A shoulder peak at higher energy (400.5 eV) is evidence from the spectrum and it indicates that N atoms partially bond with C atoms. 5 The C1s spectrum has a peak at 284.4 eV corresponding to that of graphene domains (indicated by CC in spectrum) in h-BN/G. It also has shoulder peaks at lower binding energy and higher binding energy. The peaks at lower binding energy indicate the presence of C−B bonds (in agreement with Figure 3a) and the peak at higher binding energy shows the presence of C−N bonds as evidenced from Figure 3b . In conclusion, XPS and FT-IR spectra studies indicate that the solid has mainly bond-saturated planes but small amounts of possible out-of-plane chemical bonds could exist due to the dangling bonds created in the planes and broken edges during synthesis.
The attenuated total reflection Fourier transform infrared spectra (ATR-FTIR) of h-BN is shown in Figure 3d . It has two characteristic sharp features, one peak at 760 cm (see Supporting Information Figure S7b) , 35 which attribute this peak to the icosahedral structure of B 4 C, while other studies 36 suggest the formation of boron carbide (B−C) bonds, resulting in IR absorption at 1100 cm −1 . While there is still a disagreement regarding the specifics of the chemical environment of the B−C bond, it is evident that there is chemical interaction between these stacked h-BN/G layers, which is resulting in the formation of amorphous B x C bonds, leading to the absorption feature at 1100 cm −1 . Since graphene and h-BN have very different electronic properties, every combination of (n)h-BN/(m)-G layers sequence exhibits specific properties dictated by the stacking of graphene (and h-BN) layers at the h-BN/graphene interface and the number of h-BN and G layers. In order to get more insight about the electronic properties of these new stacked structures, we performed extensive first principle density functional theory (DFT) simulations to determine their electronic and structural properties. Moreover, the optical response and the excited states have been computed using the state of the art of many body perturbation theory based on the previously computed DFT ground-state wave functions and eigenvalues (see Supporting Information Figure S8 for the details of calculations). 37, 38 We advance the main two points stemming from the calculation: (i) those new structures open the possibility of mechanically controlling the electronic dipole at the h-BN/G interface and as consequence the electronic doping of the graphene surface; (ii) we identify a new charge injection mechanism to provide carriers in graphene though the optical excitation of the h-BN by UV photons. We should mention that the calculation imposes a commensurate configuration between the G and h-BN layers; this leads to the appearance of a small band gap (tenths of millielectronvolts) in graphene as reported by other works. 39 However, for the discussion below the presence of that small gap is irrelevant and, moreover, there is evidence that the incommensurability of the layers tends to wash-out that small gap opening. 40 The results presented here are in a different energy scale.
To illustrate the basic idea behind those new phenomena, we first look at the possibility of having different interfacial dipoles and whether or not those can be controlled by the stacking sequence.
We should mention that a similar idea was used to dope graphene layers that are supported on a thin film of h-BN/ Cu(111). 39 First we want to address the question of whether we can have two different dipoles at two h-BN/G interfaces, if so we can have a distinct and different electrostatic doping of graphene via the insulating h-BN film. To assess this idea we designed a heterostructure sandwiching four layers of h-BN with graphene (see Supporting Information Figure S8a ; note that the results could be generalized to graphite/4-h-BN/ graphene and other stacked configurations but to illustrate the physics it is best to look at this graphene/4 h-BN/graphene). Before discussing the results let us fix the notation presented schematically in Figure 4c and 4f by link-network diagrams.
We have up to three different h-BN/G stacking sequences that mimic the AB and AA graphite stackings. Namely, AA stacking corresponds to an exact positioning of all C atoms on top on B and N atoms, and this is indicated by full links between C, B and N atoms; AB stacking indicates the case where one C atom is above the center of the h-BN hexagon and the other on top of the nitrogen atom, that we denote as AB (nitrogen) or over the boron, denoted as AB (boron). The h-BN stacking sequence is the usual AA', with B and N of one layer respectively on top of N and B of the layer below. In Figure 4a , we fix the left G/h-BN stacking to AB (boron) and we slide the other graphene in order to produce three different stacking sequences (sketched in figure 4c ). Changing the stacking sequence from AA to AB (nitrogen) changes the concentration of electrons at the interface: it increases or decreases with respect to the quasi symmetric configuration (AB (boron) stacking at both the interfaces). The quasi symmetry comes from the fact that the two interfaces are the same but the two graphene layers are shifted one respect to the other. This is due to the AA' h-BN stacking and to the even number of layers composing the h-BN substrate. An odd number of layers and the same h-BN/G interface would have led to a symmetric configuration. In Figure 4a we observe that the interface between graphene (G) and h-BN has an intrinsic dipole that comes from the work function mismatch and Pauli exchange repulsion that leads to interface charge rearrangement (see Figure 4b) . One would expect this dipole to be equal on both G/h-BN interfaces; however as shown in Figure 4a this is not the case and it is a clear manifestation of the role of the crystallographic stacking sequence that is usually neglected. In fact, this phenomenon has been used previously 41 to tune the band gap of trilayer graphene. This stacking-induced dipole asymmetry can be used to control the doping of the h-BN/G interface (on the right), without resorting to any external field, rather exploiting the length of the h-BN. As the size of the h-BN buffer film increases, the electrostatic potential drops because of the charge difference at both ends of h-BN and moves the average effective potential acting on the second h-BN/G interface toward lower energies. This corresponds to an effective electron doping of the graphene, the amount of doping is linked to the length of the h-BN layer (see Supporting Information Figure S9b ). We should mention that the saturation is reached by increasing the number of h-BN layer, as shown here. This idea can be extended to configurations in which instead of graphene we use a real noble metal like Cu or Au in order to induce a large variation of the dipoles and induced fields (and consequently of the doping level).
A second aspect of the same physical process discussed above would be the creation of an effective electric field through multilayer graphene. This has some nice implications for the case of trilayer graphene that if grown in ABC stacking exhibits a tunable gap by applying an electric field. 42 The simplified model to illustrate this idea consists of a trilayer graphene sandwiched with h-BN (depicted in Supporting Information Figure S8b ) we use different crystallographic stacking sequences at both ends to induce an asymmetric dipole (see Figure 4d ) and therefore an effective (small) field across (see Figure 4e ). This is done in practice by changing the G/h-BN stacking sequence from AB (boron) to AB (nitrogen) or AA, while the G/h-BN interface is kept fixed as AB(boron). The results plotted in Figure 4e show that the right effective potential can be either above or below the left one depending on the stacking. The control of the dipole interface paves the way to several possible technological applications: the possibility to control the electrostatic doping and to convert mechanical energy into electrical one. A simple process of sliding the last layer induces a change in the potential and electrostatic doping. This effect depends on the underlying hybrid-stacked heterostructures.
After having discussed the change of the electronic properties induced by playing with the crystallographic stacking, we address now the optical properties. We know h-BN is characterized for having a strong Frenkel-like exciton around 6.1 eV and an onset of the absorption at about 5.8 eV 43 that is far from the main absorption region of graphene. 44 Then we expect interesting mixed excitonic states in our heterostructures. In fact, this is the case. The calculated optical absorption spectrum of a solid composed of alternated h-BN/G layers with ratio 1:1 and 3:1 is shown in Figure 5a . The analysis of the excitonic wave functions reveals that in the 1:1 case each exciton in the 3−6 eV region is composed by electronic transitions from nitrogen to the C−C bond of graphene. The excitonic wave function for those main peaks is characterized by having the electron mainly localized on the graphene layer if the hole is on the N of the h-BN layer, as shown in Figure 5b . The lower energy excitations are mainly localized on the graphene layer and have negligible contributions from the h-BN.
On the other hand in the 3:1 case the exciton at 6.11 eV is mainly localized on the h-BN layer, as Figure 5c shows. The excitons in the shadowed energy region drawn in Figure 5a have a pure character whereas the excitations below have a hybrid character. The presence of an exciton localized on the central h-BN layer in the 3:1 case is due to the fact that a larger number of h-BN layers reduce the metallic-like screening introduced by graphene when compared to the 1:1 case. In the limit of an infinite number of h-BN layers, the position of the bound exciton approaches the h-BN bulk value of 6.1 eV from below. 45 In the 1:1 case, the screening exerted by graphene is higher causing a redistribution of the well-defined unique excitonic peak of h-BN into several less intense excitons with a "mixed" nature. So the Frenkel nature of the h-BN exciton is modified and the exciton spreads over the surrounding graphene layers as Figure 5b clearly shows. Those results open the possibility of using the BN-layers as optical active device in the UV that can inject charges in the carbon layers by the direct excitation of the exciton of the h-BN.
In conclusion, here we demonstrate a new synthetic approach toward building solid materials from stacking of atomic layers from layered structures having wide range of properties. Here such a solid is constructed from layers of conducting graphene and insulating h-BN. The chemical exfoliation technique and mixing approach we have used here results in random stacking of layers in both lateral and thickness directions. However, layer-by-layer deposition techniques could be used to build more ordered stacks although getting alternating stacking of monolayer over large thicknesses could be conceptually feasible but would need long time. The concentration of each composition could be also tailored by using appropriate concentration of layers in the assembly; in our study, we created h-BN/G films with varying concentrations of h-BN and G. The approach we have reported here The excitations of the 1:1 case (b) have a mixed nature, when the hole is localized on the h-BN layer the electron is on the graphene. In the 1:3 case (c). the excitations start to be localized on the h-BN layers; the energy region where this happens is inside the shadowed region. allows for the formation of different hybrid materials built from 2D building blocks of various compositions, through their van der Waals stacking, assembled via a simple chemical route. Such materials could have fascinating properties due to the large number of interfaces between electronically dissimilar, flat, atomic layers bound through weak van der Waals forces. In fact, we have shown how the crystallographic stacking introduced a new order parameter that controls the interfacial dipoles and therefore the effective electrostatic doping of the surfaces.
